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Abstract
PRL-3, an oncogenic dual-specificity phosphatase, is overexpressed in 50% of acute myelogenous leukemia

(AML) and associated with poor survival. We found that stable expression of PRL-3 confers cytokine
independence and growth advantage of AML cells. However, how PRL-3 mediates these functions in AML is
not known. To comprehensively screen for PRL3-regulated proteins in AML, we performed SILAC-based
quantitative proteomics analysis and discovered 398 significantly perturbed proteins after PRL-3 over-
expression. We show that Leo1, a component of RNA polymerase II–associated factor (PAF) complex, is a
novel and important mediator of PRL-3 oncogenic activities in AML. We described a novel mechanism where
elevated PRL-3 protein increases JMJD2C histone demethylase occupancy on Leo1 promoter, thereby
reducing the H3K9me3 repressive signals and promoting Leo1 gene expression. Furthermore, PRL-3 and
Leo1 levels were positively associated in AML patient samples (N¼ 24; P < 0.01). On the other hand, inhibition
of Leo1 reverses PRL-3 oncogenic phenotypes in AML. Loss of Leo1 leads to destabilization of the PAF
complex and downregulation of SOX2 and SOX4, potent oncogenes in myeloid transformation. In conclusion,
we identify an important and novel mechanism by which PRL-3 mediates its oncogenic function in AML.
Cancer Res; 74(11); 3043–53. �2014 AACR.

Introduction
PRL-3, encoded by the PTP4A3 gene, is a small dual-

specificity phosphatase characterized by the conserved
C(X5)R catalytic domain, and a unique C-terminal prenyla-
tion domain essential for its proper subcellular localization
(1, 2). PRL-3 has been shown to promote cellular processes,
such as cell motility, invasion, cell growth, and survival,
through various mechanisms (2–7). PRL-3 was first linked to
cancer when it was consistently found at elevated levels in
colorectal cancer metastases, but at much lower levels in
matched early-staged tumor and normal colorectal epithe-
lium (8). Since then, elevated expression of PRL-3 has been
implicated in the progression and metastasis of an array of
cancer types, including gastric, ovarian, cervical, lung, liver,

and breast, and PRL-3 protein was overexpressed in an
average of 22.3% of 1,008 human carcinoma samples exam-
ined using immunohistochemistry (9, 10). Together with the
fact that it has a highly restricted basal pattern of expression
in adult tissues (11), PRL-3 is deemed as an attractive
therapeutic target that spares normal tissues. The potential
of this target has been demonstrated using PRL-3–specific
antibodies in an in vivo model (12).

In recent years, accumulating evidence suggests that PRL-3
is also a novel therapeutic target and biomarker in leukemia
(13, 14). We were the first to report that elevated PRL-3 protein
expression occurs in about 47% of human acute myelogenous
leukemia (AML) cases while absent from normal myeloid cells
in bone marrow (13). In addition, a large-scale gene expression
profiling study of 454 primary AML samples demonstrates
that high PRL-3 levels is an independent negative prognostic
factor in AML, both for overall survival and event-free survival
(14). These reports collectively suggest that PRL-3 may be of
biologic and clinical relevance in AML and warrants further
investigation.

In the present study, we created a TF-1 AML cell line stably
overexpressing PRL-3 (TF1-hPRL3) as a model to study the
biologic relevance of PRL-3 in AML, and we use a quantitative
proteomic strategy to profile on a global scale changes in
protein expression induced by PRL-3 in AML. We found that
PRL-3 has pro-oncogenic properties in AML, and Leo1, a
component of the humanRNApolymerase II–associated factor
(PAF) complex, is one of the most differentially expressed
proteins induced by PRL-3. Further, we showed that PRL-3
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upregulates Leo1 through a novel epigenetic mechanism. On
the other hand, knockdown of Leo1 significantly diminishes
the oncogenic effects of PRL-3. Our current work implicates a
pro-oncogenic role of PRL-3 in AML, and reveals Leo1 as a
novel downstream molecule required for PRL-3 oncogenic
function in leukemia.

Materials and Methods
Cell culture

HEK293T cells were cultured in Dulbecco's Modified Eagle
Mediumwith 10% fetal calf serum (FCS). TF1-derived cell lines
were cultured in RPMI 1640medium containing 10%FCS (R10)
supplemented with 5 ng/mL human interleukin (IL)-3 (Milte-
nyi Biotec). Molm-14, HEL, and HL-60 were cultured in R10.
Human CD34þ cells were grown in StemSpan SFEM IImedium
supplemented with StemSpan CC100 cytokine cocktail (Stem-
Cell Technologies). Primary AML cells were grown in same
conditions, with the addition of granulocyte macrophage
colony-stimulating factor (20 ng/mL). Cell lines were obtained
from American Type Culture Collection and authenticated.
Plasmid details are available in Supplementary Methods.

SILAC-based mass spectrometry
TF-1 was cultured in "light" stable isotope labeling by amino

acids in cell culture (SILAC) medium containing normal lysine
and arginine amino acids, whereas the TF1-hPRL3 was grown
in "heavy" SILAC medium with stable isotope-labeled 13C6

lysine (þ6-Da shift) and 13C6
15N4 arginine (þ10-Da shift;

Thermo Scientific). The cellular lysates were combined and
proteolytically digested by trypsin followed by tandem mass
spectrometry (MS) identification. Peptides were subjected to
target-decoy database search strategy with a false discovery
rate (FDR) of less than 1% (<1%). Differential protein expres-
sion was quantified from the relative intensity ratios in the MS
spectra between the "heavy" and "light" states.

Xenograft mode models
Six-week-old female nonobese diabetic/severe combined

immunodeficient (NOD/SCID) mice were provided by Dr.
Chan Shing-Leng (CSI Singapore, NUS). Exponentially growing
TF1-pEGFP and TF1-hPRL3 cells (5 � 106) were subcutane-
ously injected into loose skin between the shoulder blades and
the left and right front leg of NOD/SCID-recipient mice (3mice
total), respectively. The length (L) and width (W) of the tumor
were measured with callipers, and tumor volume (TV) was
calculated as TV ¼ (L � W2)/2. The protocol is reviewed and
approved by Institutional Animal Care and Use Committee in
compliance to the guidelines on the care and use of animals for
scientific purpose.

Transfection and lentiviral-mediated shRNA delivery
High-titre lentiviruses were produced in HEK293T cells by

transfection using JetPrime (Polyplus) with packaging vectors
psPAX2 and pMD2.G togetherwith the respective short hairpin
RNAs (shRNA) constructs. Virus was harvested, pooled, and
concentrated by centrifugation (Amicon). Infection of leuke-
mia cells was done by the spin-infection method.

RNA extraction and quantitative reverse transcription
PCR

Detailed protocol is available in Supplementary Methods.

Western blotting
Cells were counted and lysed in radioimmunoprecipita-

tion assay buffer. Anti-PRL3 (clone 318) was a kind gift from
Dr. Zeng Qi [Institute of Molecular and Cell Biology, Agency
for Science, Technology, and Research (A*STAR), Singa-
pore]; anti-Leo1, anti-Paf1, and anti-Ctr9 antibodies were
from Bethyl Laboratories; anti-actin, anti-hnRNPE1, anti-
HSP90, anti-JMJD2C, anti-GFP, and anti-c-Myc (9E10) anti-
bodies were from Santa Cruz Biotechnology; anti-
Stathmin, anti-HDAC2 and anti-H3, anti-H3K9me2, anti-
H3K27me2, anti-H3K27me3, anti-H3K4me1, anti-H3K4me2,
anti-H3K4me3, and anti-H3K79me2 antibodies were from
Cell Signaling Technology; anti-H3K9me3 antibody was
from Active Motif.

Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were per-

formed using the respective antibodies according to the man-
ufacturer's instructions (Thermo Scientific). Quantitative PCR
(qPCR) was performed using the eluted DNA (sample) and 1%
input, with primers spanning Leo1 promoter region with
respect to Leo1 transcriptional start site. The percentage of
input was calculated as described previously (15). Primer
sequences used for ChIP–qPCR are available in Supplementary
Table S3.

Luciferase assay
Detailed protocol is available in Supplementary Methods.

Cell proliferation, apoptosis, and CFA
Detailed protocol is available in Supplementary Methods.

Results
PRL-3 promotes cytokine-independent growth, colony-
forming capacity of AML cells in vitro and
tumorigenecity in vivo

To assess the roles of PRL-3 in pathogenesis of AML, we
developed a pair of stable, isogenic cell lines, TF1-pEGFP and
TF1-hPRL3 by transfecting pEGFP (vector control) and
pEGFP-hPRL-3 vectors into TF-1 cells, respectively, followed
by G418 selection and fluorescence-activated cell sorting
(Fig. 1A). TF-1 is a cytokine-dependent AML cell line. Quan-
titative reverse transcription PCR (qRT-PCR) and Western
blot validated the overexpression of PRL-3 on both mRNA and
protein levels in the TF1-hPRL3 cells relative to TF1-pEGFP
cells (Fig. 1B). In the absence of cytokine (human IL-3), the
majority of TF1-pEGFP cells became apoptotic after 72 hours.
In contrast, most of TF1-hPRL3 cells were viable (Fig. 1C). TF1-
hPRL3 cells not only resisted cytokine deprivation-induced
apoptosis, but also proliferated well without additional cyto-
kines (Fig. 1C). Furthermore, methylcellulose assay showed
only TF1-hPRL3 cells, but not TF1-pEGFP cells, formed colo-
nies (Fig. 1D). To determine the tumorigenic role of PRL-3 in
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vivo, we used the pair of TF1 cells in a subcutaneous mouse
xenograft model. Strikingly, only TF1-hPRL3 cells, but not TF1-
pEGFP cells, formed tumor mass in immunodeficient mice
(Fig. 1E). The average TF1-hPRL3 tumor volume was 813 mm3

at 4 weeks after cell inoculation (Fig. 1E). Overall, these data
suggest that PRL-3 confers important oncogenic function in
AML cells in vitro and in vivo.

SILAC quantitative proteomic profiling of PRL-3
overexpressed cell
To understand downstream pathways induced by over-

expressing PRL-3, we performed a quantitative proteomic

study by combining metabolic labeling using SILAC and
high-resolution MS approach (Supplementary Fig. S1A). We
identified 398 proteins whose expression was significantly
perturbed by PRL-3 overexpression, with 331 proteins upre-
gulated and 67 proteins downregulated (>1.5-fold; Supple-
mentary Fig. S1B).

To gain a functional understanding of the dataset, we
subjected the differentially expressed proteins (up- or down-
regulated) to gene ontology analysis. Upregulated proteins are
enriched for processes such as nucleic acid metabolism
(19.7%), protein metabolism (15.1%), and pre-mRNA proces-
sing (5.7%), which are novel biologic processes associated with
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Figure 1. Establishment of stable PRL-3 cell line. A, images of TF1-pEGFP and TF1-hPRL3 cells in bright field and GFP channel under an invert
microscopy. B, qRT-PCR and Western blot analysis of PRL-3 mRNA and protein expression in TF1-pEGFP and TF1-hPRL3 cells. b-Actin was used as a
loading control in the protein analysis. C, after IL-3 starvation, TF1-pEGFP and TF1-hPRL3 cells were stained and assessed with Trypan Blue
Exclusion methods on a hemacytometer. The percentages of viable cells at 72 hours were calculated relative to before IL-3 withdrawal (0 hour). To
construct the cell growth curve, 20 � 105 TF1-hPRL3 cells were initially seeded in standard medium without additional human cytokines. Cells were
counted and reseeded in fresh medium every 2 days for up to 6 days. In both figures, three independent replicates were conducted (mean � SD). D,
colony-forming assay of TF1-pEGFP and TF1-hPRL3. The experiments were duplicated and representative pictures are presented. E, mouse xenograft
models of TF1-pEGFP and TF1-hPRL3. Five million TF1-pEGFP and TF1-hPRL3 cells were subcutaneously injected into loose skin between the
shoulder blades and the left and right front leg of NOD/SCID recipient mice, respectively. At 4 weeks after injection, tumors were harvested and
measurement of tumor volume was taken. The tumor volume is shown as the mean � SD (mm3). Arrows, the TF1-hPRL3 tumor mass at right and
no tumor at left (TF1-pEGFP cell injected site) in one mouse. ��, P < 0.005.
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PRL-3, as well as known involvement in cell-cycle regulation
(7.1%) and cell motility (6%) as depicted in Supplementary Fig.
S1C. Amongst the differentially regulated proteins, 45.5% of
them are nuclear proteins, whereas 54.5% are cytoplasmic
proteins (Supplementary Fig. S1D).

Validation of MS results
Expression of several representative proteins, including

Leo1, stathmin, HSP-90, hnRNPE1, and HDAC2, was com-
pared between TF1-pEGFP and TF1-hPRL3 cells (Fig. 2A),
and concordance was observed between the Western blot
and MS results. Unexpectedly, we did not detect PRL-3 in
our liquid chromatography/tandem mass spectrometry
(LC/MS-MS) result. This is likely due to the trypsin cleavage
sites distribution in the PRL-3 that generates peptides
either too long or too short for detection by LC-MS/MS.
Nonetheless, PRL-3 overexpression was confirmed at both
the mRNA (data not shown) and protein levels by Western
blot (Fig. 2A).

We further performed lentiviral-based delivery of PRL-3
shRNA into two additional human AML cells, Molm-14 and
HEL, which expresses high endogenous level of PRL-3.
The knockdown of PRL-3 reduced the levels of Leo1,
stathmin, HSP90, and hnRNPE1 (Fig. 2B). An exception was
HDAC2, where although MS identifies it as one of the

upregulated proteins by PRL-3, Western blot was not sen-
sitive enough to detect the differences (Fig. 2B). These
experiments confirmed the general validity of our proteo-
mic analysis.

Leo1 is upregulated by PRL-3
Leo1, a component of the human PAF complex, was the

top candidate from the SILAC LC-MS/MS analysis with the
most significant increase in protein abundance. We there-
fore decided to focus on this protein in our subsequent
experiments. To confirm that Leo1 is a downstream target of
PRL-3, we introduced a Tet-On myc-tagged PRL-3 construct
into 293T cells. Forty-eight hours after transfection, 293T
cells were exposed to increasing concentrations of the
tetracycline derivative, doxycycline, to induce PRL-3 expres-
sion. PRL-3 protein accumulated in a dose-dependent man-
ner, and a corresponding increase in Leo1 protein levels was
observed (Fig. 2C) and quantified (Supplementary Fig. S2).
To complement the overexpression studies, we also per-
formed knockdown by transfecting PRL-3 siRNA into 293T
cells. The degree of PRL-3 inhibition correlated to the dose of
siRNA added, and Leo1 was downregulated (Fig. 2D). Col-
lectively, these observations corroborated the MS results
showing that Leo1 expression is positively correlated with
PRL-3 levels.
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Figure 2. Western blot validation of
candidate proteins identified by
MS. A, expression of several
representative upregulated
proteins is compared between
TF-1 and TF1-hPRL3. B,
knockdown of endogenous PRL-3
in AML cell linesMolm-14 and HEL.
The same panel of proteins is
examined byWestern blot. C, 293T
cells were stably transfected with
an inducible Tet-on myc-tagged
PRL-3 construct, and increasing
concentration of doxycyclin was
used to induce PRL-3 expression.
D, 293T cells were transfected with
specified doses of PRL-3 siRNA for
48 hours before analysis with
Western blot.
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Abrogation of Leo1 reduces PRL3-mediated
proliferation and cytokine independence of AML
To determine whether Leo1 contributes to PRL3-induced

leukemic growth, we used lentiviral-based delivery of shRNAs
to deplete Leo1 expression and looked at growth properties.
qRT-PCR and immunoblotting analysis demonstrated a 5-fold
reduction in Leo1 mRNA levels and a marked reduction in the
Leo1 protein levels upon treatment with Leo1 shRNA (Fig. 3A).
Notably, reduction in Leo1 levels significantly impaired growth
of TF1-hPRL3 cells to growth rates comparable with TF-1
parental cells (Fig. 3B).
To determine whether loss of Leo1 affects the survival of

TF1-hPRL3, we plated the cells in the absence of human IL-
3 for 72 hours, followed by flow cytometric analysis for

apoptotic markers Annexin V-phycoerythrin and 7-ami-
noactinomycin D (7-AAD). Although approximately 90%
of TF1-hPRL3 population was able to survive without
supplementation of cytokine, Leo1 knockdown notably
increased the apoptosis of TF1-hPRL3 induced by cytokine
withdrawal (Fig. 3C), indicating that Leo1 abrogation
removes the protective effect of PRL-3 toward cytokine
deprivation. Leo1 knockdown in PRL-3 cells resulted in
significantly fewer colonies, indicating a loss of clonogenic
survival of these cells (Fig. 3D). These findings collectively
indicate that Leo1 is an important mediator of the cell
growth and survival of the TF1-hPRL3 cells, and loss of Leo1
is largely sufficient to reverse these properties conferred by
PRL-3 overexpression.
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Figure 3. Effects of stable Leo1 knockdown in TF1-hPRL3 cells. A, knockdown of Leo1 in TF1-hPRL3 cells were analyzed with qRT-PCR and Western
blot. b-Actin was used as loading control. B, growth curve was determined by CellTitre-Glo luminescent assay. Cells were plated in 96-well
format and grown for up to 4 days. Experiments were performed in triplicates. C, TF-1, PRL3-scrambled, and PRL3-Leo1 shRNA cells were seeded
in medium without human IL-3 for 48 hours. The graph is plotted with the percentages of apoptotic cells defined by Annexin V and 7-AAD positivity.
D, TF-1, PRL3-scrambled, and PRL3-Leo1 shRNA cells were evenly suspended in HSC-colony-forming unit medium (StemMACS) and incubated for 10
days for colonies to develop. ��, P < 0.005.
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Leo1 and PRL-3 levels are significantly associated inAML
patient samples

Because we observed a strong association between Leo1 and
PRL-3 levels incell lines,wedeterminedwhetherLeo1 issimilarly
upregulated in human primary AML cells.Western blot analysis
of PRL-3 and Leo1 protein expression in an independent cohort
of 24 primary AML samples found that 50% of the patient
samples (Fig. 4A) were positive for PRL-3 protein. Of these, only
one did not express Leo1. Therefore, a strong association exists
betweenPRL-3 andLeo1 expression (c2P value< 0.01). Leo1was
alsoexpressed infivesampleswithnoPRL-3expression, suggest-
ing that other mechanisms may be responsible in these cases.
Ourfindingsdemonstrated thata significantproportion (50%)of
AMLcases seemed tocoexpressPRL-3 andLeo1, suggesting that
Leo1 is a likely downstream target of PRL-3.

We also examined the basal expression levels of human PRL-
3 and Leo1 in normal hematopoietic cell fractions, namely
CD34þ, T cell, B cell, and myeloid cell. Similarly, we found a
relative correlation between PRL-3 and Leo1 levels. Further-
more, we observed that PRL-3 and Leo1 are expressed at higher
levels in CD34þ and myeloid cells (Supplementary Fig. S3).

To validate the functional relevance of PRL-3 in humanAML,
we downregulate PRL-3 in primary AML cells (Fig. 4B). PRL-3
siRNA inhibited AML cell growth in a proliferation assay as
compared with transfection with control siRNA (Fig. 4C). This
result suggests that PRL-3 expression is also of biologic rele-
vance in human AML and specific targeting of PRL-3 may have
possible therapeutic applications in AML.

PRL-3 affects Leo1 mRNA levels through histone H3
lysine 9 (H3K9me3) demethylation

To examine whether PRL-3 regulates Leo1 at the transcrip-
tional level, we perturbed PRL-3 with different shRNA con-

structs, whichwas accompanied by a concomitant reduction of
Leo1 transcripts levels (Fig. 5A). To confirm that PRL-3 reg-
ulates Leo1 at the transcriptional level, we established a Leo1
reporter construct containing a 703-bp Leo1 promoter frag-
ment cloned upstream of the firefly luciferase gene (pGL3-
Leo1). Transfection of the reporter construct, together with
vector expressing wild-type PRL-3, increased the luciferase
activity in a dose-dependent manner (Fig. 5B).

Given that PRL-3 is not a DNA-binding protein, the
transcriptional involvement of PRL-3 is likely to be indirect.
A recent report implicated an epigenetic role of PRL-3 in
colorectal cancer through regulating histone-modifying
enzymes involved in histone demethylation (16). To explore
the possibility that PRL-3 activates Leo1 through histone
methylation status in leukemic cells, we performed an
unbiased screen of eight different permissive and repressive
histone modifications in the TF-1 and TF1-hPRL3 cells. We
found that PRL-3 overexpression specifically leads to a
global decrease in di- and trimethylation at histone H3
lysine 9 (H3K9me2 and 3) residues (Fig. 5C). We further
confirmed this observation in another AML cell line, Molm-
14 (Supplementary Fig. S4).

To determine whether increased Leo1 expression is associ-
ated with local reductions in repressive histone methylation,
we compared the basal levels of H3K9me2, H3K9me3, and
H3K27me3 across Leo1 promoter region in the TF-1 and TF1-
hPRL3 cells. In TF1-hPRL3 cells, a marked reduction in
H3K9me3 and, to a lesser extent, in H3K9me2 was detected
throughout the entire promoter region (P1–P4) as compared
with the TF-1 cells (Fig. 5D). In contrast, H3K27me3 levels
were very low on the promoter (Supplementary Fig. S5). Thus,
Leo1 promoter seems to be predominantly modulated by the
methylation levels of H3K9.
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Figure 4. Leo1 and PRL-3
expression in human primary AML
cells. A, Western blot was
performed to show the expression
levels of Leo1 and PRL-3 in a
cohort of 24 primary AML samples.
b-Actin was used as loading
control. c2 test indicates highly
significant association (P < 0.01).
B, analysis of PRL-3 mRNA
expression in primary AML cells
transfected with either control
siRNA or PRL-3 siRNA for 24
hours. C, cell proliferation assay of
primary AML cells transfected with
either control siRNA or PRL-3
siRNA for 3 days. ��, P < 0.01
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PRL-3 mediates H3K9me3 demethylation on Leo1
promoter through JMJD2C histone demethylase
Next, we sought to identify which histone demethylase is

involved in mediating this process. The members of the
JMJD2 family, including the JMJD2A, JMJD2B, JMJD2C, and
JMJD2D, are known to exhibit specific lysine-trimethyl
demethylation activities (17). We systematically knocked
down these candidates and examined the impact on
H3K9me3 levels and Leo1 expression. The JMJD2 shRNAs
exhibited high specificity (Fig. 6A). We observed that
JMJD2C depletion in TF1-hPRL3 cells was able to increase
the global levels of H3K9me3, accompanied by a reduction in
Leo1 (Fig. 6B), implying the specific involvement of JMJD2C
in regulating H3K9me3 related to levels of Leo1.
To demonstrate that JMJD2C directly regulates H3K9me3

on the Leo1 promoter, we examined the levels of H3K9me3
on region P2 on Leo1 promoter. Accordingly, knockdown of
JMJD2C reduced the JMJD2C signal on the Leo1 promoter

(Fig. 6C) and led to a 40% augmentation of the H3K9me3
signal (Fig. 6D). However, knockdown of JMJD2A, JMJD2B,
and JMJD2D did not modulate H3K9me3 levels on Leo1
promoter (Supplementary Fig. S6A). Next, we examined how
PRL-3 phosphatase regulates JMJD2C histone demethylase.
JMJD2C protein expression did not increase in TF1-hPRL3
cells (Supplementary Fig. S6B). We also examined the gene
expression levels of JMJD2A, JMJD2B, JMJD2C, and JMJD2D
in TF1 and TF1-PRL3 cells, and found no significant changes
between the isogenic cell lines (Supplementary Fig. S6C).
Furthermore, PRL-3 and JMJD2C did not physically interact
(Supplementary Fig. S6D). However, an increase in JMJD2C
occupancy occurred on the promoter of Leo1 in the TF1-
hPRL3 as compared with TF-1 cells (Fig. 6E). JMJD2C asso-
ciation to the P2 region was significantly abrogated in the
PRL-3 knockdown cells, supporting the notion that JMJD2C
binding to the Leo1 promoter region is dependent on the
presence of the PRL-3 protein (Supplementary Fig. S6E).
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Taken together, these results demonstrate that PRL-3
relieves the repressive H3K9me3 mark on Leo1 promoter
through JMJD2C, resulting in a more transcriptionally per-
missive chromatin state, leading to the efficient promotion
of Leo1 expression.

Leo1 suppression depletes the levels of PAF complex
components and affects the expression of target
genes

The PAF complex subunits have been shown to coimmu-
noprecipitate with each other. Therefore, we checked
whether knockdown of Leo1 affects the interaction network
of the PAF complex. Interestingly, we found that loss of Leo1
destabilized the PAF complex, and the mRNA levels of
Paf1, Ctr9, and Ski8 were collectively downregulated
(Fig. 7A). In addition, the protein levels of Paf1 and Ctr9
were also decreased with Leo1 depletion (Fig. 7B). To
determine the functional relevance of Leo1-mediated desta-
bilization of the PAF complex, we further examined the
effects on several reported PAF complex target genes. A
subset of these genes, namely Sox2, Sox4, and Tbx3, were
significantly downregulated when Leo1 was silenced in
Molm-14 cells (Fig. 7C).

To determine whether Leo1 plays an independent role
in mediating the oncogenic properties in AML or through
PAF complex as a whole, we compared the effects of Leo1,
Paf1, or Ctr9 knockdown in TF1-PRL3 cells. We confirmed
the knockdown efficiency using Western Blot (Supplemen-
tary Fig. S7A). Interestingly, we found that knockdown of
Leo1 impedes cell proliferation to a greater extent than
Paf1 or Ctr9 knockdown (Supplementary Fig. S7B). In
addition, Sox2 and Sox4 expression levels were similarly
affected in Leo1, Paf1 of Ctr9 knockdown (Supplementary
Fig. S7C). These observations suggest that the entire PAF
complex is partly involved in mediating oncogenesis
though SOX genes, but other mechanisms involving Leo1
alone are present. Furthermore, when we analyzed the
expression levels of Leo1, Paf1, Cdc73, Ski8, and Ctr9 in
TF1-PRL3 cells, only Leo1 showed an upregulation (Sup-
plementary Fig. S7D).

Because we showed that knockdown of PRL-3 downregu-
lated levels of Leo1, we further examined whether knockdown
of PRL-3 similarly destabilizes the PAF complex. Interestingly,
silencing PRL-3 downregulated all components of the PAF
complex (Fig. 7D), and subsequent restoration of Leo1 levels
rescued the levels of Paf1, Ski8, and Ctr9 (Fig. 7E). These
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results further confirm that Leo1 is functionally relevant and is
an important downstream mediator of PRL-3 oncogenic
functions.

Discussion
Our present work represents the first large-scale quantita-

tive survey of proteins regulated by PRL-3 in leukemia. We
identified several known proteins downstream of PRL-3,
including stathmin, nucleolin, and translationally controlled
tumor protein (6, 18, 19), which endorsed the validity of our
approach. We also discovered additional upregulated candi-
date oncogenes that were linked to carcinogenesis, such as
hnRNPH1, TPI1, HSP90B1, prohibitin, as well as candidate
tumor suppressors that were downregulated, such as POTE,
nucleophosmin, and BTF3, which were previously not known
to be modulated by PRL-3 (Supplementary Table S1). On
the other hand, some reported substrates of PRL-3 in solid
tumor cell lines, such as CDH22, ezrin, keratin8, integrin-a1,
and EF-2, were not identified in our screen, suggesting that
PRL-3 might activate both common and distinct networks
in solid tumor as compared with leukemia.

From our comprehensive proteomic dataset, we gained
several novel insights into the functions of PRL-3. First, we
found that PRL-3 unexpectedly alters the expression levels of
a significant number of nuclear proteins (50%), although it
was reported to localize predominantly in the plasma mem-
brane and cytosol due to the CAAX membrane-targeting
signal (20). Despite this, PRL-3 was also found to be able to
shuttle between the nucleus and cytoplasm in myeloma and
AML cells (21), by an unclear mechanism. Second, gene
ontology annotation by biologic process reveals a specific
involvement of PRL-3 in pre-mRNA splicing and nucleic acid
metabolism, as well as cell-cycle regulation and cell motility.
Involvement in cell motility is consistent with published
reports in which overexpression of PRL-3 in carcinomas has
been linked to processes such as enhanced cell migration,
invasion, and metastasis (20, 22). Notably, this is the first
study to suggest that PRL-3 plays a role in the regulation of
RNA-related processes. Overall, our unbiased approach
enables us to implicate novel candidate proteins in the
oncogenic function of PRL-3, which would fundamentally
advance our understanding of how this phosphatase con-
tributes to cancer progression.

1.60

1.40

1.20

1.00

0.80

0.60

0.40

0.20

0.00

Emp                  #32                   #33

R
e
la

ti
v
e
 q

u
a
n

ti
fi

c
a
ti

o
n

R
e
la

ti
v
e
 q

u
a
n

ti
fi

c
a
ti

o
n

R
e
la

ti
v
e
 q

u
a
n

ti
fi

c
a
ti

o
n

R
e
la

ti
v
e
 q

u
a
n

ti
fi

c
a
ti

o
n

PAF1

Leo1

CDC73

CTR9

SKI8

* *

*
* *

**

Leo1

shRNA

M
ock

#32
#33

Ctr9

Paf1

Leo1

b-Actin

1.20

1.00

0.80

0.60

0.40

0.20

0.00

1.20

1.00

0.80

0.60

0.40

0.20

0.00

Sox2         Sox4        Tbx3

**
**

*

Emp

Leo1 shRNA

Emp                    #774                  #780

** ** ** **

*
*

*

*

PAF1

PAF1
LEO1

LEO1
CDC73

CDC73

CTR9

CTR9

SKI8

SKI8

PRL-3
**

**3.00

2.50

2.00

1.50

1.00

0.50

0.00
Emp #774 Rescue #780 Rescue

A B C

D E

Figure 7. Leo1 knockdown destabilizes the PAF complex. A and B, Molm-14 cells were transfected with either Leo1 shRNA or control shRNA (Emp), and
qRT-PCR (A) or Western blot (B) was done for the expression of the PAF complex components. Data, mean � SEM of triplicates. C, qRT-PCR
analyses of Sox2, Sox4, and Tbx3 after Leo1 knockdown in Molm-14 cells. Data, mean � SEM of triplicates. D, Molm-14 was transfected with PRL-3
shRNA and analyzed for PAF components. Data, mean � SEM of triplicates. E, Molm-14 was cotransfected with PRL-3 shRNA and Leo1 expression
construct and analyzed for PAF components. Data, mean � SEM of triplicates. �, P < 0.05; ��, P < 0.005.

LEO1 Mediates PRL-3 Oncogenic Function in AML

www.aacrjournals.org Cancer Res; 74(11) June 1, 2014 3051

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/11/3043/2703958/3043.pdf by guest on 19 M

ay 2023



In the recent years, several pivotal articles have proposed
functions of the PAF complex in development and cancer, and
the PAF complex was found to be substrates of another
oncogenic phosphatase, SHP2 (23–26). In addition, the PAF
complex is essential for leukemogenesis by mixed-lineage
leukemia fusion proteins through inducing the expression of
Hox genes, thus maintaining a haematopoietic stem cell
(HSC)–like signature and resistance to differentiation (15).
These led us to focus on the involvement of Leo1 and the PAF
complex as the downstream mediators of PRL-3 activities.
Although characterization of the individual subunits of the
PAF complex revealed opposing roles in cancer (24), our
current work suggests that Leo1 is a proto-oncogene in leu-
kemia, and the levels of Ski8, Ctr9, and Paf1 subunits depended
on Leo1 levels (Fig. 7A and B), supporting the notion of an
interdependency within the PAF complex.

One important hallmark of AML is the acquisition of self-
renewal capacity in the leukemic blast cells (27) through
the disruption of self-renewal pathways such as Hox and
Wnt/b-catenin. Interestingly, the PAF complex has been
found to augment the expression of HOXA9 (15), and in
another independent report, Leo1 has been found to asso-
ciate directly with b-catenin (28). In addition, the PAF
complex has also been reported to regulate directly key
pluripotency genes in embryonic stem cells. Indeed, when
we knocked down Leo1, several pluripotency genes, such as
Sox2, Sox4, and Tbx3, were downregulated (Fig. 7C). The
deregulation of Sox genes, especially Sox4, has been shown to
be an important collaborating driver of myeloid leukemo-
genesis in several transgenic murine models of leukemia
(29). Thus, our study suggests that PRL-3 could exert onco-
genic properties in AML through Leo1 and PAF complex–
mediated deregulation of critical pluripotency genes previ-
ously implicated in leukemogenesis.

There were few reports on how PRL-3 regulates its targets,
in part due to the challenges in identifying the genuine
targets of PRL-3. In our study, we revealed a novel mech-
anism of the transcriptional involvement of PRL-3 in regu-
lating Leo1. Trimethylation on H3K9 is a strong repressive
epigenetic mark generally associated with heterochromatin
maintenance and transcriptional repression, and deregula-
tion of H3K9me3 levels has been shown to cause aberrant
gene expression, contributing to the development of cancer
(30, 31). We found global demethylation of H3K9me3 in TF1-
hPRL3 cells, suggesting that alterations in a histone-modi-
fying enzyme lead to these widespread epigenetic changes
(32). JMJD2C, originally identified as GASC1, is a gene located
on chromosome 9p, and is frequently amplified in cancers

(30). Our results identify JMJD2C as the main enzyme
involved in the demethylation of H3K9me3 on the Leo1
promoter in TF1-hPRL3 cells, thereby enhancing the expres-
sion of Leo1. Interestingly, we noticed an increase in JMJD2C
occupancy on the promoter region of Leo1, and this was
dependent on PRL-3 expression levels (Fig. 6E). How PRL-3
affects the binding of JMJD2C or possibly other histone
demethylase on the promoters of target genes remains to
be determined. Importantly, our results demonstrated a
possible interface between the activities of a phosphatase
and a histone demethylase in gene regulation.

In conclusion, our study unravels downstream signaling
pathways of PRL-3, identifying Leo1 as an important down-
stream target. Taken together, this study provides novel
insights into the mechanisms by which PRL-3 promotes the
malignant phenotype in AML.
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